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In this study, a range of nutritional supplements including twenty amino acids, major
vitamins and four nucleic acid bases were exploited as added-value supplements for the
growth of a lactate-minus (ldh) mutant Bacillus stearothermophilus LLD-16 under anaerobic
environment. The chemostat studies revealed that five amino acids that includes aspar-
tate, glutamate, isoleucine, methionine, and serine were essential for persuaded growth of
B. stearothermophilus LLD-16. The anaerobic batch studies showed that a number of nutri-
tional supplements, such as, p-aminobenzoic acid (PABA), folic acid, pantothenic acid,
adenine, glycine, leucine, tryptophan, proline, alanine and a-ketoglutarate, when added
individually, improved the biomass levels. In contrast, the higher concentrations of
cyanocobalamine or biotin, guanine, uracil and isoleucine were found inhibitory.
Furthermore, the study explains why the highest biomass formation cannot necessarily be
achieved on the richest mixture of amino acids, and the inadequacy of the biosynthetic
machinery is very much dependent on the growth conditions of the microorganism.
Copyright © 2015, The Egyptian Society of Radiation Sciences and Applications. Production
and hosting by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
Bacillus stearothermophilus LLD-R is a prototype facultative
anaerobic thermophile which predominantly produces lactate
while its lactate-minus mutant, B. stearothermophilus LLD-16
mainly produces ethanol (Javed, 1993). Both strains can grow
on a wide range of hexoses and pentoses carbon substrates.
More attention, therefore, has been given on its growth on
pentose sugars, such as xylose because it is one of the major
components of hemicelluosic sugars and is relatively recalci-
trant. As a part of these studies, this paper describes the
nutritional requirements of this microorganism in the me-
diumwith xylose as the sole carbon and energy source, since a851.
M. Javed).
gyptian Society of Radiat
iety of Radiation Sciences
cense (http://creativecomknowledge of these growth requirements, for physiological
studies, is desirable.
The nutritional requirements of several strains of B. stear-
othermophilus have been studied by various research workers
(Campbell & Williams, 1953; Rowe, Goldberg, & Amelunxen,
1975; Lee, Brown, & Cheung, 1982 Amartey, Leak, & Hartley,
1991; San Martin, Bushell, Leak, & Hartley, 1992). These
workers showed that different strains had different growth
requirements. However, they rarely exploited the nutritional
requirements in the presence of xylose as sole carbon and
energy source. LLD-15 is another ethanol producingmutant of
B. stearothermophilus LLD-R strain (Payton & Hartley, 1985) and
their nutritional requirements are quite similar to each other
(Javed, 1993). A defined medium for the anaerobic growth ofion Sciences and Applications.
and Applications. Production and hosting by Elsevier B.V. This is an
mons.org/licenses/by-nc-nd/4.0/).
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et al. (1992). However, this medium does not support the
growth of either LLD-15 or LLD-16 strains on xylose as the
nutritional requirements vary with different carbon sources,
because different carbon substrates enter the central meta-
bolic pathway by various routes (Kotte, Volkmer, Radzikowski,
& Heinemann, 2014; Hollinshead, Henson, Abernathy, Moon,
& Tang, 2015).
All microorganisms synthesize their cellular protein from
20 different amino acids which are either synthesized by the
cells or must be provided in the growth medium. The
biosynthesis of these amino acids starts at five different
points in central metabolic pathway and this is divided into
five different amino acid families: aromatic, serine, pyruvate,
glutamate and aspartate amino acid families, as shown in
Fig. 1 (Cooper, 2000; Barton, 2005). Although histidine is
generally shown outside of these families, but for this study itFig. 1 e Biosynthetic rouhas been considered as a part of aromatic amino acid family
(Chen, Ortiz-Lopez, Jung, & Bush, 2001; Betts & Russell, 2003).
Occasionally, provision of all 20 amino acids in a growth me-
dium can support only a week growth. However, higher
biomass is achieved in the complex medium because micro-
organisms show requirement for peptides for higher growth
rates (Currell & Dam-Mieras, 2014).
Since performing such studies in chemostat culture are
very time consuming, growth requirements were initially
determined in shake bottles and later on by using a technique
known as ‘Pulse and Shift technique’ originally developed by
Mateles and Battat (1974) and later on modified by Kuhn et al.
(1979). Therefore, to gain an insight into the utilization of
representative nutritional supplements, this paper explores
some of the physiological responses by examining the fate of
these supplements after their addition to the culture of B.
stearothermophilus.tes of amino acids.
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2.1. Chemicals/reagents
All of the chemicals/reagents, amino acids, vitamins and four
nucleic acid bases were obtained from used in the current
work were mainly purchased from SigmaeAldrich Company
Ltd. (Gillingham, Dorset, United Kingdom). For quantitative
and qualitative assays, analytical grade reagents and ultra-
pure water were used.
2.2. Microbial culture and its maintenance
In the present study, a pure bacterial culture i.e., B. stear-
othermophilus (Strain-LLD-16) was obtained from the bacterial
culture collection unit of the Department of Biochemistry,
Imperial College of Science, Technology & Medicine, London,
UK. Initially, the LLD-16 was grown in a temperature
controlled incubator at 70 C in a sterile mineral salt (MS)
medium additionally supplemented with 1% xylose and 0.1%
yeast extract for the development of a homogenous inoculum
suspension. Themain constituents of theMSmediumwere as
follows (g/L): Citric acid, 0.32; Disodium hydrogen ortho-
phosphate (anhydrous) 0.5; Magnesium sulphate (heptahy-
drate) 0.27; Potassium sulphate 0.5; Ammonium chloride 2.0;
Calcium chloride (hexahydrate) 0.5 mL from stock (10 g/L in
water); Manganese chloride (tetrahydrate) 0.25 mL from stock
(12 g/L in water); Trace elements solution (TE) 1.0 mL from the
stock. All solutions were prepared with distilled water and
autoclaved at 121 C for 20 min. The pH of the medium was
adjusted to 7.0 prior to sterilization. After the stipulated in-
cubation time period (24 h), the incubated bacterial culture
was used subsequently for further experimental work to
interrogate the nutritional potential of added supplements on
the growth of B. stearothermophilus LLD-16 and ethanol
production.
2.3. Nutritional supplements-based solutions
Each of the solution was prepared as stock solutions in con-
centrations 20 times higher than those mentioned here. Each
solution was prepared separately in deionized water and
warmed, if necessary, to dissolve all of the added supple-
ments. All the solutions were filter-sterilized. Following final
compositions were used in the medium: all amino acids used
were 50.0 mg/L except Asparagine (Asn) 25.0 mg/L; Cysteine
(Cys) 25.0mg/L; Glutamate (Glu) 100.0mg/L and Isoleucine (Ile)
25.0mg/L. Vitamins compositions usedwere as: Biotin 1.0 mg/
L; Nicotinic acid (Vit. B3) 1.5 mg/L; Pyridoxine HCl 0.5 mg/L;
Riboflavin 0.5 mg/L; Thiamine HCl (Vit. B1) 1.0 mg/L, p-ami-
nobenzoic acid (PABA) 0.1 mg/L; Folic acid 0.05 mg/L; Pan-
tothenic acid (Pant. Acid) 0.2 mg/L; Cyanocobalamine (Vit. B12)
0.02 mg/L.
2.4. Method for medium development
For batch growth studies, the cells were initially grown in the
medium containing mineral salts, five vitamins (biotin, nico-
tinic acid, pyridoxine, riboflavin, thiamine HCl), and all aminoacids of five families (Fig. 1). The amino acids of one family
were removed in the presence of all other amino acids. Once it
was known which amino acid families were required for the
growth, then essential amino acids of each of these families
were determined. This was done by putting the amino acids of
one family in various combinations in the medium in the
presence of all amino acids of other required families. Finally,
all the required families were replaced by their respective
essential amino acids. Once this was worked out in the batch
studies, their requirement was studied in chemostat by Pulse
and Shift technique as described below.2.5. Pulse and shift technique
The chemostat was set at a dilution rate of 0.2 h1 with a
medium whose compositions was arbitrarily determined by
shake bottle experiments. The cells were allowed to grow for
3 to 5 volume changes. Then production of carbon dioxide
from the exit gases and change in OD were observed by
methods as mentioned earlier. The concentrations nutri-
tional supplements were then reduced stepwise until the
steady state biomass concentration started to decrease. Then
at these amino acids and vitamins concentrations when
steady state was obtained, one of the amino acids was
injected (6 mg/L) and the response was observed by noting
the OD over 6e8 h.2.6. Chemostat design
A 1.5 L working volume bioreactor (Life Science, UK), fitted
with automatic temperature and pH control was used. The
details of chemostat set-up have been described by SanMartin
et al. (1992). Temperature was kept at 70 C using the auto-
matic temperature-controlled hot water jacket of the biore-
actor and it wasmonitored by reading on the digital display on
the control unit of the bioreactor. pH was measured by a
steam serializable combined glass and reference electrode
(Ingold: Switzerland) and controlled by the pH control module
by the addition of 30% KOH (potassium hydroxide) into the
bioreactor through peristaltic pumps (Watson-Marlow, 101U,
Falmouth Cornwall, England) in the pump module. The pH
wasmonitored by reading on the digital display on the control
unit of the bioreactor. Anaerobic conditions in the bioreactor
were created by sparging with sterile air-free nitrogen at a rate
of 50 ml/min, supplied from cylinders (B.O.C. Ltd, Middlesex)
metered through flow meters (Glass Precision Engineering)
and delivered via hydrophobic 0.2 mm filters (Acro 50 Gelman,
UK) through holes in the impeller shaft under the impeller
blade and agitation was kept at the rate of 400 rpm. The ni-
trogen flow rate was measured by using a precision gas
flowmeter (model RS 2, Meterate, UK). Foamingwas controlled
by addition of 2 mL of silicone antifoam (1510, Dow Company,
USA) into 20 L feed reservoir prior to sterilization.2.7. Biomass measurement
Biomass measurement was based on optical density (OD)
measured at 600 nm in a Novaspec 4049 spectrophotometer
(LKB Biochrom) and a calibration curve wasmade according to
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dium as blank; using distilled water.2.8. Xylose measurement
Xylose was measured using high performance liquid chro-
matography (HPLC). Briefly, a Hypersil (APS-2) 5 mm
100 mm  4.6 mm column (Shandon Scientific Ltd.) was used
at ambient temperature following the manufacturer's rec-
ommended procedure. The mobile phase consisted of a
mixture of 80% acetonitrile, HPLC grade (Rathburn) and 20%
deionized water which was degassed with helium for 10 min
before use and used at a flow rate of 1 ml/min using a Waters
510 pump. The back pressure was 2344 KPa. The 48 samples
were loaded together and 10 ml of the sample was automati-
cally injected into the column by aW.I.S.P. (Water's Intellegent
Sample Processor, Model 710 B Autoinjector). Xylose was
detected by a differential refractometer R 401 (attenuation
8  RI detector) coupled to a Differential Refractometer Elec-
tronic unit. The area under the curve was measured using an
Integrator HP 3396 A (Hewlett Packard).Table 1eDetermination of the requirement of amino acid2.9. Analysis of CO2 in outlet gases
The analysis was performed on-line using a quadrupolemass
spectrometer (Model 200 F, VG gas, UK) equipped with a 16-
ways multiport stream selector. The mass spectrometer has
facility to analyse nitrogen, oxygen, carbon dioxide, methane
and argon. The analysis of carbon dioxide was used
in determining the establishment of anaerobic conditions
and also the extent of growth. Since life span of this machine
is greatly affected by the presence of moisture in the outlet
gases, so it was removed prior to the gas analysis. The outlet
gases were first passed through a vertical stainless steel
condenser located on the top of the bioreactor and then
filtered through 0.3 mm hydrophobic filters (Gamma 12.
Whatman, UK) and dried in anhydrous calcium sulphate
containers (Hammond Drierite, USA) before analysis in the
mass spectrometer. The spectrometer was calibrated
every 24 h using the following gas mixtures: Calibration gas
1: nitrogen 85.1%, oxygen 9.3%, carbon dioxide 1.98%,
methane 2.59% and argon 1.03%. Calibration gas 2: helium.
Calibration gas 3: compressed air. All gases were obtained
from BOC, UK.
families for the anaerobic growth of strain LLD-16 in
defined medium þ 1% (w/v) xylose.
Removed AA family OD600 (24 h) Final pH
None 0.18 5.5
Aromatic 0.24 5.4
Serine nd 7.12.10. Determination of mmax
The maximum growth rate was determined by the culture
wash-out technique, as described earlier by Pirt (1975).
Pyruvate 0.3 5.4
Aspartate nd 7.2
Glutamate nd 7.1
Aromatic Family ¼ Trp, Tyr, Phe, (His); Serine Family ¼ Ser, Cys,
Gly; Pyruvate Family ¼ Ala, Leu, Val; Aspartate Family ¼ Asp, Asn,
Met, Ile, Thr, Lys; Glutamate Family ¼ Glu, Gln, Pro, Arg; All amino
acids (AA) were used at 50 mg/l except glutamic acid 125 mg/l;
isoleucine & cysteine 20 mg/l; Vitamins: B1 & biotin (1.0 mg/l each),
nicotinic acid (1.5 mg/l).2.11. Statistical analysis
All of the experimental workwas performed in triplicates, and
the data was statistically analysed. The means and standard
errors of means (Mean ± S.E) were calculated for each treat-
ment and S.E values have been displayed as Y-error bars in
figures.3. Results and discussion
3.1. Batch studies for amino acid requirements
For the determination of amino acid requirements, 5 vitamins,
which were recommended by San Martin et al. (1992) were
used in the growth medium. The LLD-16 cells grew well in the
presence of all five amino acid families (20 amino acids), but
growth was absent when amino acids of either aspartate,
serine or glutamate family were excluded from the growth
medium, indicating that the essential amino acids were from
these families (Table 1). To confirm if the amino acids of py-
ruvate and aromatic amino acid families were not required for
the minimal growth, the cells were when grown only on the
amino acids of serine, glutamate and aspartate families, they
grew happily. However, the optical density (OD) was slightly
lower than that when all of the 20 amino acids were present,
showing that some of the other amino acids were not essen-
tial but they could be exerting slight growth promoting effects.
Then the requirement of individual amino acids from these
three families was determined, as shown in Table 2. Serine
seemed to be the only essential amino acid from the serine
family required for the growth, but, slightly higher OD was
obtained when other amino acids of the family were also
added. However, an absolute requirement for the serine was
doubtful because when it was excluded from the medium, a
weak growth appeared in the presence of all amino acids of
other four families, although only after an incubation period
of 3 times longer. Similarly, when amino acids of both pyru-
vate and serine families were removed the growth was posi-
tive albeit after a longer incubation. San Martin (1989) also
reported that serine was required for the anaerobic growth of
LLD-15 strain on sucrose. The LLD-R strain does not have a
significant serine requirement since the first step in the serine
synthesis requires NADþ which is probably lower in the LDH
mutants but not in the parent strain.
From glutamate family, glutamate was the only essential
amino acid required while the presence of other amino acids
of the family did not affect the OD (Table 2). However,
requirement of glutamate was not absolute as it was fulfilled
by its TCA cycle intermediate precursors, a-ketoglutarate (a-
Table 2 e Essential amino acid requirements of serine
and glutamate families by strain LLD-16 (in defined
medium þ 1% (w/v) xylose) in the presence of amino
acids of all other families, under anaerobic growth
conditions.
AA added OD (24 h) Final pH
Ser. 0.19 5.8
Ser þ cys 0.25 5.5
Ser þ Cys þ Gly 0.28 5.5
Glu 0.20 5.6
Glu þ Pro þ Arg 0.21 5.6
a-KGA 0.29 5.4
Conc. of vitamins and amino acids e see Table 1; a-KGA (125 mg/l).
J o u r n a l o f R a d i a t i o n R e s e a r c h and A p p l i e d S c i e n c e s 9 ( 2 0 1 6 ) 1 7 0e1 7 9174KGA). Moreover, when glutamate was replaced by a-KGA, the
cells grew to an OD higher than in the former case. This shows
that probably the microorganism is not lacking any biosyn-
thetic enzyme for glutamate formation, but it is possibly the
low carbon flux to TCA cycle intermediates under anaerobic
conditions which cannot provide sufficient amount of a-KGA
for the biosynthesis of glutamate. Another reason could be
that the a-KGA is required in higher concentration, since only
its 5% of the intracellular concentrations is normally used for
glutamate synthesis (Ikeda & LaPorte, 1991). One way or the
other, this microorganism shows a requirement for glutamate
under anaerobic conditions.
From aspartate family methionine, isoleucine and aspar-
tate were required for the growth (Table 3). The requirement
for aspartate was also fulfilled by asparagine, however, a
longer lag period was observed. The increased lag period is
probably due to a regulatory effect of asparagine on the pre-
ceding amino acids by a negative feedback mechanism.
Oxaloacetate is the precursors of aspartate family, but unlike
glutamate, requirements for aspartate could not be fulfilled by
its precursor, oxaloacetate. Although these batch studies
revealed that for the minimal growth, 5 amino acids: serine,
glutamate, aspartate, methionine and isoleucine, were
needed, the addition of cysteine and asparagine improved the
OD to a substantial extent. These seven amino acids as com-
ponents of the basal medium were, therefore, used to study
the effect of the addition of other nutrients on the growth.Table 3 e Essential amino acid requirements of the
asparate family by strain LLD-16 (in defined
medium þ 1% (w/v) xylose) in the presence of amino
acids of all other families under anaerobic growth
conditions.
AA added OD (40 h) Final pH
Asp nd 7.2
Asp þ Met nd 7.2
Asp þ Met þ Thr 0.05 6.8
Asp þ Met þ Ile 0.09 6.4
Asn þ Met þ Ile 0.13 5.8
Asp þ Met þ Ile þ Asn 0.21 5.5
Asp þ Met þ Ile þ Asn þ Asn þ Thr 0.25 5.2
Asp þ Met þ Ile þ Asn þ Lys þ Thr 0.2 5.7
OAA nd 7.1
Conc. of vitamins and amino acids e see Table 1; OAA, 125 mg/l.3.2. Effects of other amino acids on the growth
Once amino acids necessary for growth were determined, the
effect of other amino acids on the growth in the defined me-
dium, i.e., in the presence of seven amino acids (as described
above), was studied in batch experiments (Table 4). Addition
of each amino acid of pyruvate family in the growth medium
caused an increase in the final OD. Among these amino acids,
with leucine a higher OD was obtained than with alanine or
valine. However, in the presence of all of these amino acids of
the family, growthwas decreased (Table 1). Similarly, addition
of eachmember of the glutamate family improved the growth
but when all of the amino acids of the family were present in
the medium, no effect on the optical density was observed.
However, addition of glutamate and glutamine together gave a
better growth. Addition of either of proline or arginine also
improved the growth. The situation with the aromatic family
was quite different; No amino acid of the aromatic family
improved the growth when added altogether, or separately,
but each of them showed a slight inhibitory effect. However,
their presence improved the growth, in a medium where
glutamate was replaced by a-KGA.
3.3. Vitamins requirements in batch studies
There was a significant growth without presence of any
vitamin supplements, but additions of each of p-Amino-
benzoic acid (PABA), folic acid, pantothenic acid, riboflavin, or
thiamine improved the growth (Table 5). Since Folic acid
functions as a cofactor in the synthesis of thymine, purine
bases, serine, methionine and pantothenic while PABA is a
precursor of folic acid and acts as a catalyst in synthesis of
purine bases. Therefore, an increase in the OD with their
addition is not surprising. Similarly, it has been reported that
several strains of B. stearothermophilus respond to folic acid
addition, but its requirement can be replaced by p-amino-
benzoic acid (Baker, Hutner, & Sobotka, 1955).
Since pantothenic acid is a component of CoA and of the
acyl carrier protein involved in lipid biosynthesis (Guirard &
Snell, 1981), the improvement of growth in its presence
shows a possible insufficiency of Coenzyme A (CoA). Lack ofTable 4 e Effect of various amino acids on the anaerobic
growth of strain LLD-16 in defined medium þ 1% (w/v)
xylose þ AA: glu, Ser, Asp, Ile, Met.
AA added OD (40 h) Final pH
None 0.15 5.1
Histidine 0.10 5.2
Tryptophan 0.14 5.2
Tyrosine 0.05 6.0
Phenylalanine 0.13 5.2
Alanine 0.15 5.1
Leucine 0.18 5.2
Valine 0.16 5.2
Glutamine 0.21 5.2
Proline 0.16 5.2
Arginine 0.18 5.2
Growth: þ, present; , absent; w, weak. Conc. of vitamins and
amino acids e see Table 1.
Table 5 e Effect of vitamins on the anaerobic growth of
strain LLD-16 growing in defined medium þ 1% (w/v)
xylose þ AA: Glu, Ser, Asp, Ile, Met, Asn, Cys.
Vitamin added Conc. (mg/l) OD (48 h) Final pH
None 0.13 5.7
PABA 500 0.21 5.3
Folic acid 500 0.24 5.2
PABA þ Folic acid 0.26 5.3
B12 100 0.02 7.1
Folic acid þ PABA þ B12 0.02 7.0
Pantothenic acid 1000 0.23 5.3
B1, Nicotinic acid, Biotin 0.25 5.43
B6 1000 0.21 5.3
Riboflavin 1000 0.21 5.3
Conc. of amino acids and vitamins of defined medium e see Table
1.
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hence lower amounts of TCA cycle intermediates. Thismay be
one of the reasons why carbon utilization is less efficient
under anaerobic conditions in these strains. The addition of
Vitamin B12 (Cyanocobalamine) appeared to be inhibitory to
the growth. However, this effect was not seen when amino
acids were replaced by 0.1% (w/v) casamino acid.3.4. Effect of nucleic acid bases
The effect of each of adenine, guanine, thymine and uracil on
the growth was determined in the defined medium in batch
experiments (Table 6). The presence of thymine in the growth
medium did not show any effect on the growth. However, the
addition of adenine improved the growth greatly. This result is
rather contrasting to the effect of adenine on the growth of a
number of other microorganisms where it showed inhibitory
effect (Repentigny, Mathieu, Turgeon, & Sonea, 1968;
Mosteller & Goldstein, 1975). However, the increase in
biomass formation by adenine in B. stearothermophilusmay be
considered as a result of its provision of extra amount of ATP
for the cell growth.
The addition of guanine inhibited the growth almost
completely. The growth inhibition by guanine has also been
reported in other microorganisms, for example, in NeurosporaTable 6 e Effect of nucleic acid bases on OD and pH during
the anaerobic growth of strain LLD-16 growing in defined
medium þ 1% (w/v) xylose þ AA: Glu, Ser, Asp, Ile, Met,
Asn, Cys.
Bases added OD Final pH
None 0.129 5.7
Adenine 0.225 5.3
Guanine 0.021 7.0
Thymine 0.121 5.5
Uracil 0.019 7.0
A þ G 0.017 7.0
A þ G þ T 0.040 6.7
All the bases used in the concentration of 2 mg/l. Conc. of aa and 3
vitamins of defined medium e see Table 1.crassa, guanine causes a complete growth inhibition that can
be completely reversed by the addition of adenine (Magill &
Magill, 1975). However, the growth inhibition in B. stear-
othermophilus could not be reversed by the addition of adenine
and the inhibition in this case can be explained as feedback
inhibition of purine nucleotide synthesis.
Like guanine, addition of uracil also inhibited the growth
completely. Although it is reported that the presence of uracil
in the growth medium can cause an increase in the lag period
in certain strains of Pseudomonas acidovorans, but the growth
rate is not affected (Kelln & Warren, 1974), whereas in B.
stearothermophilus it completely inhibited the growth. This
inhibition may again be due to the negative feedback inhibi-
tion of nucleic acid biosynthesis, by inhibiting the enzymes
responsible for the synthesis of pyrimidines (Vogels& Van der
Drift, 1976).
3.5. Requirements of amino acids and vitamins in
chemostat culture
Once the essential amino acids and vitamins were identified
in the batch cultures, their requirement in chemostat culture
was studied. The Pulse and Shift technique (Mateles & Battat,
1974; Kuhn, Friederich, & Fiechter, 1979) was used to deter-
mine the nutritional requirements for B. stearothermophilus
during the anaerobic growth on xylose. The same technique
has already been used for the determination of nutritional
requirements for the growth of B. stearothermophilus LLD-15 on
sucrose for the aerobic growth (Amartey, 1988) and for the
anaerobic growth (San Martin, 1989).
For using “Pulse and Shift” technique, the chemostat cul-
ture was set at a dilution rate of 0.2 h1. The initial medium
contained 7 amino acids (see Table 5) and 5 vitamins (San
Martin, 1989) at the concentrations used previously for
shake bottle studies. These amino acid and vitamin supple-
ments concentrations were then reduced stepwise until the
steady state biomass level started to decrease; this occurred at
one sixteenth of the concentrations, those used for the shake
bottles. Then at steady state, one of the amino acids was
injected (6 mg/L) and the response was observed by noting the
OD over 6e8 h. Surprisingly in almost all the cases, a decrease
in the OD was observed after each injection rather than an
increase. When isoleucine was injected, a bizarre effect was
observed in that the culture washed out. Since isoleucine was
already present in the medium, the complete inhibition of the
growth in the presence of the double amount of isoleucine
was quite surprising. In a few cases of vitamin addition,
however, a positive response was observed but only after 5 h.
Next, one of the amino acid was omitted and different com-
binations of 6 of the 7 amino acids were injected together, but
even this did not show any effect on the biomass levels.
To determine the essential nutrients, it was, therefore,
necessary to remove each of them successively from the feed.
After each removal, the effect on carbon dioxide production
and optical density was studied for more than 20 h. The
fermenter was then run again on the full defined medium
until a steady state was reached. Then the next substancewas
removed from the feed and the levels of carbon dioxide and
final OD were studied. The effect of removal of the nutrients
on CO2 production was measured on-line using a mass
Table 7 e Effect of removal of amino acids on anaerobic
growth of strain LLD-16 in chemostat culture at dilution
rate of 0.2 h¡1 in defined medium þ 1% (w/v) xylose þ 7
AA (see legend).
AA removed ODi Duration (hours) ODf
Glu 0.47 20 0.12
Ser 0.51 15 0.14
Asn 0.49 24 0.41
Asn þ Met 0.45 20 0.30
Asn þ Ile 0.41 22 0.09
Asn þ Cys 0.43 23 0.45
Asn þ Asp 0.45 15 0.09
AA (amino acids) in Conc. of: glutamic acid (200 mg/l), methionine,
serine & aspartic acid (100 mg/l each), asparagine, isoleucine &
cysteine (50 mg/l each); Conc. of vitamins e see Table 8. ODi, initial
OD; ODf, final OD.
J o u r n a l o f R a d i a t i o n R e s e a r c h and A p p l i e d S c i e n c e s 9 ( 2 0 1 6 ) 1 7 0e1 7 9176spectrometer while the OD was measured off-line
spectrophotometerically.
The optical density did not change much over a period of
23 h on removal of either asparagine or cysteine (Table 7), but
the removal of glutamate, serine, methionine, isoleucine or
aspartate caused a drastic decrease in the OD. Among these
required five amino acids, most severe effect was observed on
the removal of aspartate and the least severe effect by
removing methionine. The effects of amino acid removals on
OD (Table 7) are consistent with those monitored for CO2
production (Fig. 2), and these results confirm the requirement
for 5 amino acids (aspartate, glutamate, serine methionineFig. 2 e Effect of removal of individual amino acids on CO2 prod
defined medium at dilution rate of 0.2 h¡1: (a) Glutamic acid; (band isoleucine) by the B. stearothermophilus strain during its
anaerobic growth on xylose.
Table 7 and Fig. 2 confirmed that the provision of isoleucine
in the medium was necessary for the growth. However,
injecting further 6 mg/L of this amino acid inhibited the
growth completely. This inhibitory effect with higher con-
centrations of isoleucine may be due to an additional
requirement for valine. Since there are four common enzymes
involved in the biosynthesis of isoleucine and valine
(Gottschalk, 1986), it is likely that the presence of higher
concentrations of the former in the medium can stop the
biosynthesis of the latter by negative feedback inhibition and
it was confirmed by the injection a combination of isoleucine
and valine when the culture washout was avoided. However,
for another strain, B. stearothermophilus NCA-1503, the pres-
ence of either of isoleucine, valine, leucine, glycine or com-
bined addition of phenylalanine and glutamate generally
increased the growth (Baker et al., 1955). The above results
show that only presence of higher levels of isoleucine in the
growth medium triggers the requirement for valine but not
lower amount and this shows the complexity of medium
development work.
It, therefore, means that not only removal of a nutrient but
also addition of extra nutrient(s) can decrease the growth and/
or result in an increased or conditional requirement for
another nutrient, possibly because their competition for a
single transport system or repression of enzyme(s) shared for
the biosynthesis. However, such antagonistic interrelation-
ships can be bypassed by the addition of an appropriate pep-
tide of the limiting amino acid, because the peptide isuction during anaerobic chemostat culture of LLD-16 in
) Serine family and (c) Aspartic acid family.
Table 8 e Effect of removal of vitamins on anaerobic
growth of strain LLD-16 in chemostat culture at dilution
rate of 0.2 h¡1 in defined medium þ 1% (w/v) xylose þ 7
AA (see Table 7).
Vitamins removed ODi Duration (hours) ODf
Thiamine 0.47 22 0.34
Pyridoxine 0.46 23 0.35
Biotin 0.46 23 0.33
Nicotinic acid 0.47 23 0.33
Riboflavin 0.46 24 0.40
ODi, initial OD; ODf, final OD; Conc. of vitamins: thiamine, biotin
pyridoxine& riboflavin (1mg/l each); nicotinic acid (1.5 mg/l); Conc.
of amino acids e see Table 7.
Table 9 e Anaerobic growth and production formation of
LLD-16 in defined medium with 7 amino acids þ 5
vitamins (Tables 7 and 8) in different carbon substrates in
shake flasks.
Carbon source Time (h) OD
Xylose 68 0.23
Glucose 44 0.25
Sucrose 44 0.31
Fructose 44 0.36
Galactose 44 0.16
All carbon sources 1% (w/v); nd, not detected.
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Snell, 1981).
San Martin (1989) studied the nutritional requirements of
B. stearothermophilus strain, LLD-15. Both LLD-15 and LLD-16
strains are derived from the same strain and may have very
close nutritional requirements. They described that 4 amino
acids were essential for growth of LLD-15 on sucrose. When
this medium was used in this study for LLD-16 strain, it sup-
ported the growth on sucrose but did not support the growth
on xylose. This study revealed that aspartate is additionally
required for the anaerobic growth of LLD-16 on xylose. If
amino acid requirements of these two strains are assumed to
be similar, then reason for the aspartate requirement in the
xylose medium may be because the catabolic flux required to
synthesize this amino acid with xylose is not as efficient as
with sucrose.
SanMartin (1989) also described that there were 5 vitamins
essential for the anaerobic growth of strain LLD-15 on sucrose.
Therefore, it was envisaged that these would also be neces-
sary for the anaerobic growth of LLD-16 strain on xylose. Thus
the effect of removal of each of these vitamins on the growth
was studied in the chemostat culture (Table 8). However, no
severe decrease in the OD was observed on removal of any of
the vitamins, but each omission caused a slight decrease in
the OD. The CO2 production profiles (Fig. 3) showed that the
requirement for biotin and nicotinic acidwasmost significant.
Riboflavin removal did not affect the growth and thiamine and
pyridoxine removal reduced the growth only slightly.Fig. 3 e Effect of removal of vitamins on CO2 production during
defined medium.However, possibility of the conditional requirement for
these vitamins cannot be ruled out. This is because that if
requirement of a nutrient is conditional, then growth of the
cells in its absence is possible, as its requirement can be ful-
filled by the presence of other nutrient(s). For example, biotin
requirement for the growth of several strains of B. stear-
othermophilus can be replaced by pimelic acid, desthiobiotin,
oxybiotin, aspartate or oleate (Campbell & Williams, 1953).
Similarly, in some microorganism's methionine can be
replaced by cyanocobalamine (Baker et al., 1955).
The nutritional requirements by LLD-15 with sucrose as
carbon source under aerobic and anaerobic conditions were
entirely different (Amartey et al., 1991; SanMartin et al., 1992).
For aerobic as well as anaerobic growth both amino acids and
vitamins are required by most thermophiles. The amino acid
(methionine) and the vitamins (biotin, nicotinic acid and
thiamine) were required by almost all the auxotrophic strains
of B. stearothermophilus (Campbell &Williams, 1953; Lee et al.,
1982; O'Brien& Campbell, 1957). Using the 7 amino acids and 5
vitamins, the cells were grown on various carbon sources in
defined medium in shake flasks, as shown in Table 9. The
mediumsupported the growth of the cells on glucose, sucrose,
fructose and galactose. The highest OD was obtained for
fructose, however, the final OD is limited by the extent of drop
of pH due to acid formation (Javed, 1993).
The growth of LLD-16 on xylose in anaerobic chemostat
culture on various media is summarized in Table 10. The
biomass levels and xylose uptake were higher on complex
than on the defined media. Although the cells can synthesize
most of the growth supplements but the results show thatanaerobic chemostat culture of LLD-16 at D ¼ 0.2 h¡1 in
Table 10 e Chemostat studies of LLD-16 in different
media containing mineral salts þ 1% (w/v) xylose, at pH
7.0, and dilution rate of 0.2 h¡1 under anaerobic
conditions.
Medium Biomass (g/l) Xylose used (%) Yx/s mmax
Med 1 0.15 35 0.037 nd
Med 2 0.18 38 0.046 0.36
Med 3 0.30 68 0.045 >1.0*
Med 4 0.34 79 0.043 >1.0*
Med. 1, Med 2 without Asn & Cys; Med. 2, 7 amino acids and 5 vi-
tamins (see Tables 7 and 8); Med. 3, 0.1% (w/v) yeast extract; Med 4,
0.3% (w/v) yeast extract; nd, Not detected; *, Pump used could go
beyond the dilution rate of 1.0.
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growth, therefore, for higher biomass concentrations of this
microbe, probably we have to depend on the complex sub-
strates, such as yeast extract.4. Concluding remarks and
recommendations
In conclusion, this work provides important mechanistic in-
formation regarding the nutritional requirements and thus
shows an elicitation potential of added supplements in B.
stearothermophilus LLD-16.
A better growth in the complex medium is not solely
because of the provision of growth supplements (especially
unknown ones) but also because of a number of other factors
which are:
The complex materials provide utilizable source of pep-
tides which have their growth promoting effect over amino
acids due to two reasons: first, many amino acids are trans-
ported by a single transport system, thus competingwith each
other or because of the negative feedback inhibition, transport
of one amino acid can inhibit the transport of a second amino
acid, while peptides are transported into the cells by the route
different than of amino acids; second, once the peptides are
inside the cell, they release amino acids slowly, as a result
there is no regulatory effect of these amino acids on the cell
physiology, such as negative feedback inhibition.
Factors such as these show why the highest biomass for-
mation is not necessarily achieved on the richest mixture of
amino acids, and why the inadequacy of the biosynthetic
machinery is very much dependent on the growth conditions
of the microorganism.Conflict of interests
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